During the past decade, semiconducting oxide nanowires have been extensively investigated due to their unique features, such as the ultrahigh surface-to-volume ratios, quantum confinement effect, less scattering of the carrier, and higher mobilities compared to their bulk counterparts. These extraordinary properties of semiconducting oxide nanowires have led many researchers to pursue synthesis, doping, and novel device applications, due to their potential applications in nanoscale electronic and optoelectronic devices . Such applications include high-performance nanowire-based field-effect transistors (FETs) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , sensors [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and vacuum electron field emitters [22] [23] [24] [25] [26] [27] [28] [29] , etc. This chapter provides a comprehensive perspective on research efforts made on synthesis, doping, and device applications of semiconducting oxide nanowires. The contents have been divided into three sections. The first part briefly introduces the synthesis of semiconducting oxide nanowires. The second part introduces the doping schemes of semiconducting oxide nanowires, and then studied the electrical and optical properties of the doped nanowires. The last part mainly describes the applications of semiconducting oxide nanowires, such as FETs, sensors and field emission.
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Growth mechanisms
The growth mechanisms for the most of semiconducting oxide nanowires include vaporliquid-solid (VLS), vapor-solid (VS) mechanisms and so on.
VLS mechanism
Among the various mechanisms for the growth of semiconducting oxide nanowires, VLS mechanism is the well established and the most widely accepted model. As mentioned, the VLS mechanism was reported by Wagner and Ellis in the mid-1960s to explain the growth of Si whiskers using Au as a metal catalyst [31] . The name of VLS mechanism refers to the fact that the source material from the vapor passes through a liquid droplet and finally ends up as a solid. So, the VLS process can be divided into three steps. The first step is the formation of the liquid alloy droplet which contains Au catalyst and source materials. The second step is the crystal nucleation upon gas adsorption and supersaturation. The last step is the axial growth from the crystalline seeds to form nanowires [32] . Figure. 1 illustrates the growth of nanowires by a VLS process [6] . According to the VLS mechanism, we know that the liquid phase is formed initially due to the presence of a low-melting-point phase in an alloy system which consists of the substrate and gas phase constituent. The liquid surface adsorbs the reactant gaseous species much more efficiently than does the solid surface. On supersaturation of the liquid alloy, a nucleation center forms and serves as a preferred site for the axial growth of the nanowires. The adsorbed gas reactants then diffuse through the liquid phase to the solid-liquid interface, resulting in the growth of the solid phase. The growth at the solid-liquid interface is much faster than at the solid-vapor interface due to the much larger accommodation coefficient of the reactants in the liquid [33] [34] . During this process, a vapor phase reactant is solubilized by a liquid catalyst particle to form solid wirelike structures and the catalyst is envisioned as growths site that defines the diameter of nanowires. Therefore, the characteristic of VLS growth is the existence of gold nanoparticles on the top of the obtained nanowires [35] , typically observed by transmission electron microscopy as shown in Fig.2 . At the same time, the diameter of the nanowires is well controlled by the size of the gold nanoparticle as a result of the fact that the diameter of a nanowire via VLS growth is primarily determined by the liquid alloy droplet. 
VS mechanism
VS mechanism is a catalyst-free process that forms nanowires. It involves the direct vaporization of the solid at a higher temperature followed by the deposition of the nanowires at a lower temperature. During VS growth, no catalyst is used and the nanowires are directly grown on the solid particles. This simple method has been widely used to synthesize a lost of semiconducting oxide nanowires [12, [36] [37] .
Growth techniques
Semiconducting oxide nanowires with various compositions have been synthesized using a wide variety of methods, from the simple thermal evaporation to the complicated epitaxial growth techniques. Table 1 gives a summary of the methods and mechanisms for semiconducting oxide nanowires growth. The common technique reported is vapor phase transport, including thermal evaporation, pulse laser deposition and chemical vapor deposition (CVD) [38] [39] . Other techniques include template-assisted growth [40] and solution synthesis [41] . We devote our most attention to vapor phase transport and thermal evaporation methods. O 4 Chemical vapor deposition VLS 39 Table 1 . A summary of the methods and mechanisms for semiconducting oxide nanowires growth
Vapor Phase Transport
Vapor phase transport (VPT) is an atomic deposition process. During this process, source species physically or chemically vaporized from a solid source are transported onto a substrate where they condenses and deposits. According to the approaches for the source vaporization, vapor phase transport can be in the form of thermal evaporation [42] [43] [44] [45] [46] [47] [48] and laser ablation [49] [50] . When the source species are gas, evaporating liquids or chemically gasified solids, the deposition process is categorized as chemical vapor deposition [38] [39] . So far, a majority of the vapor deposition techniques have been developed for the growth of single-crystal semiconducting oxide nanowires. The growth mechanism of VPT has been attributed to either VLS or VS, depending on whether the metal catalysts are presented or not.
Thermal evaporation
Thermal evaporation is one of the simplest methods available to synthesize semiconducting oxide nanowires. Deposition of nanowires occurs on the substrates placed downstream of the carrier gas (such as nitrogen and argon).
Summary
Among various growth mechanisms, the VLS mechanism has been combined with a wide variety of growth techniques, including catalyst-assisted thermal evaporation, solution and VPT method. Through carefully controlled growth conditions, the vertically aligned tin-doped indium oxide nanowire arrays have been demonstrated using the thermal evaporation. The solution growth method is of low cost, however it is complicated in terms of the control of the growth process. So far, VPT is the widely adopted method, probably due to the simplicity of the required facilities. At the same time, the VLS growth also leads to the incorporation of doping impurities in the as-grown semiconducting oxide nanowires.
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Doping of semiconducting oxide nanowires
Doping
Doping in semiconductor has been a very well established process. The doping means the introduction of impurity atoms in a semiconductor, which is fundamental to the control of the bulk properties of a semiconductor. Impurity atoms incorporated into a semiconductor can only exist in two ways. For the first case, the impurity atoms replace the semiconductor atoms at their lattice positions. While for the second case, the impurity atoms exit the semiconductor atoms at their lattice of gap positions, which is a gap type of doping. Generally, the size of the replace atoms is similar to the size of substituted semiconductor atoms, while the size of gap atoms is much smaller. Figure.3 shows the schematics for a replace impurity atom and a gap impurity atom. With the incorporation of donors, a semiconductor becomes an n-type conductor. While with the incorporation of acceptors, the semiconductor becomes a p-type conductor. Whether the dopants successfully change the density of carriers or not depends on not only the energy of the electrons in the dopant atom but also the temperature. Incorporation of both donors and acceptors in a semiconductor does not lead to the increased concentrations of both electrons and holes since the density of the electrons and the density of holes are equal to the intrinsic density in the doped semiconductors. Typical doping concentrations are in the range of 10 15 /cm 3 to 10 19 /cm 3 . This is relatively small as compared with the density of lattice atoms, which is about 10 23 /cm 3 . The introduction of intentional impurities or dopants to control the behaviors of materials lies at the heart of many technologies. The impurity doping is an effective method for manipulating the physical properties of semiconductors, including the electronic, optical, and magnetic properties. A substitutional impurity with one more valence electron than the host atom it replaces can be ionized by thermal energy and donate its extra electron to the semiconductor (n-type doping). Similarly, an impurity with one less valence electron can provide an extra hole (p-type doping). These electrons and holes are then available as carriers of a electrical current. Since a thin conducting film is required for the applications of the nanocrystals, the ability to introduce these carriers is becoming important. So, doping process is critical for semiconductors. For these reasons, researchers have begun to explore the effects of dopants on the semiconductor nanocrystals with unusual and sizespecific electronic, optical, and magnetic behaviors. However, extending doping process from films to nanoscale counterparts still remains a big challenge because of both fundamental synthetic issues and "self-purification" mechanisms. Moreover, dopants in nanocrystals are also expected to exhibit phenomena not found in the bulks since their electronic states are confined to a small volume.
The electrical properties of the doped semiconducting oxide nanowires 3.2.1 Tin-doped indium oxide
For unintentionally doped semiconducting oxide nanowires, the carriers are normally generated by structural defects such as oxygen deficiencies. As a result, the devices behave as wide band gap semiconductors whose performance is influenced by the surrounding environment. On the other hand, intentional doping can greatly modify the device properties and yield new device applications. One such example is tin-doped indium oxide (ITO), in which metal-like behavior is achieved when In 2 O 3 is degenerately doped by Sn. Due to its high conductivity and high transmittance in the visible spectral region, ITO has become by far the most important transparent conducting oxide material, and ITO films have found applications in various optoelectronic devices such as flatpanel displays, solar cells, and light-emitting diodes. The ability to obtain highly transparent and highly conducting ITO nanowires may potentially further enhance the performance of such devices due to the increased effective device area using nanowire electrodes. Furthermore, the highly conducting ITO nanowires may also be used as interconnects in integrated nanocsale devices. The growth of ITO nanowires/nanorods has been reported by several groups since the first study on semiconducting oxide nanobelts in 2001. [57] However, detailed electrical characterization was rarely reported, and it is not clear whether these ITO nanowire/nanorods have the desired electrical properties. In 2004, Q. Wan et.al. reported the resistivity value of ITO nanowires to be 0.4 Ω·cm [58] . Subsequently, they optimized the doping growth and electrical characterization, the lowest resistivity value of the individual ITO nanowire was estimated to be 6.29 × 10 -5 Ω·cm, which is comparable to the best values achieved in high-quality ITO films. [23, 35, 51] The electrical transport properties of the ITO nanowires were studied on devices consisting of individual nanowires. The nanowires were first removed from the growth substrate by sonication in isopropyl alcohol and deposited onto a degenerately doped n-type silicon substrate capped with a 50 nm silicon dioxide layer. Photolithography or electron-beam (ebeam) lithography processes were used to define pairs of metal electrodes on the SiO 2 /Si substrate, followed by metal deposition of Ti/Au (10 nm/100 nm) by electron beam evaporation to complete the device structure. Prior to metal evaporation, the samples were cleaned with O 2 plasma (50 W, 30−60 s) to remove possible resist residue. Postannealing processes were not performed in the devices. More than 40 ITO nanowire devices were fabricated and the electrical properties of individual nanowires were investigated both in ambient air and in vacuum (5 × 10-5 Torr). A linear current (Ids) versus voltage (Vds) curve ( Figure 4a ) was observed in all measurements and on samples defined by photolithography as well as e-beam lithography methods. This indicates that good Ohmic contacts can be readily achieved between the ITO nanowire and Ti/Au electrodes. To further characterize this observation, four-probe measurements were carried out to study the effects of the contacts. As shown in Figure 4a , the I ds −V ds curve obtained from the four-probe method is almost identical to that obtained from the two-probe method using the inner pair of electrodes. The small difference between the measured resistances 2936 Ω (four-probe) and 2984 Ω (two-probe) can be mostly attributed to the resistance of the metal leads ( 55 Ω) connecting the nanowire devices to the contact pads, and verifies that contacts to the ITO nanowires are indeed Ohmic with negligible values of resistance. The ability to produce reliable Ohmic contacts is very desirable in nanoscale device applications and also affords us to focus our studies on the simpler two-probe device structure in the following discussions. From the measured resistance value of the device in Figure 4a and the cross-section size (75 nm) and the length (1.8 μm) of the ITO nanowire (measured by SEM imaging), we can calculate the resistivity of the ITO nanowire to be 9.18×10 -4 Ω·cm. The resistivities of about 40 ITO nanowires were obtained and plotted in Figure 4b . Significantly, the median resistivity value 7.15×10 -4 Ω·cm, and lowest resistivity value 6.29×10 -5 Ω·cm, are comparable to the best values achieved in high-quality ITO films. Such high Sn doping levels will in fact render the ITO nanowires degenerately doped. Indeed, metal-like behaviors were observed in these ITO nanowire devices, as shown in Figure 5 . Figure 5a shows the gate response curve of an ITO nanowire device with 90 nm lateral size and 3.2 μm channel length. The current Ids shows very little relative change as the gate voltage Vg is changed from −8 to 4 V. As a first-order estimation, the carrier density of the ITO nanowire can be calculated to be 4.3 × 10 20 cm -3 from the slope of the Ids−Vg curve. Such high carrier densities easily put the ITO nanowires in the degenerately doped regime. Assuming all Sn atoms are activated at room temperature, the Sn:In ratio can then be estimated to be 1.4:100, on the same order of the EDS estimations. Considering the simplicity of the model being used to calculate the carrier density and the small Sn signal used in the EDS estimations, such level of agreement is remarkable and verifies that a Sn-doping level of a few percent has been achieved in the ITO nanowires. The high doping level also explains the lack of UV response of these ITO nanowire devices ( Figure 5b ) and the insensitivity to the ambient environment. Contrary to undoped In 2 O 3 nanowires which are very sensitive to UV light due to photogeneration of carriers, the ITO nanowire device shows only 1.0% change in conductance when illuminated by UV light, even though the photon energy of the applied UV source (254 nm, 4 W) is clearly above the band gap of ITO. This lack of UV response is a direct result of the high starting carrier concentration. The metallic behavior was further verified by temperature-dependence measurements (Figure 5c ), in which the resistivity of the ITO nanowire increases linearly from 2.66×10 -4 to 2.99×10 -4 Ω·cm as the temperature is increased from 300 to 470 K. This behavior agrees well with the expected linear resistivity−temperature relationship at high temperatures for a metal when scattering is dominated by electron−acoustic phonon scattering. Detailed temperature dependence studies on another device with room-temperature resistivity of 6.69×10 -5 Ω·cm show that the resistivity of the ITO nanowires over a wide temperature range (50−300 K) can be well described by the Block−Grüneisen formula, as expected for a metal or a degenerately doped semiconductor. Finally, these "metallic" ITO nanowires can also carry a very high current density due to the single-crystalline nature. As shown in Figure 5d , the ITO nanowire device can endure a current of 2.5 mA before failure, corresponding to a current density of 3.1 × 10 7 A/cm 2 .
Antimony -doped tin dioxide
Tin dioxide (SnO 2 ) represents an important metal oxide semiconductor that can be suitable for a range of applications through the incorporation of dopants, the electrical properties of SnO 2 nanowires as a function of antimony (Sb) doping were studied by Q. Wan [10] . Undoped, lightly (<0.5% Atomic mole ratio) and heavily (2-4%) Sb-doped SnO 2 nanowires were synthesized by a vapor-transport method via VLS mechanism under the same conditions. Figure A rectifying behavior (curve a) is normally observed in the air without illuminations, which indicates the formation of Schottky barriers at the metal/semiconductor interface. Upon illumination by UV light (254 nm), a linear current-voltage (ohmic-like) response (curve c) was observed along with a much higher current level. The ohmic-like behavior can be explained by enhanced electron tunneling at the metal/semiconductor interface due to an increase of the carrier density and the reduction of the depletion width upon illumination with above-bandgap photons, as reported for ZnO nanowire Schottky diodes [59] [60] . Figure  7 (b) shows the response of the device as a function of time (t) as the UV source was switched on and off. The current rapidly increases from 2 pA to 1mA upon UV illumination. The device can be reversibly switched between the low and high-conductance states with the response and recovery times estimated to be 1 s. The photocurrent sensitivity was estimated to be 5 10 5 , a value much higher than that reported for undoped SnO 2 nanowire devices with ohmic contacts [49] , due partly to the small dark current. Form the above results, it could be concluded that the undoped SnO 2 nanowire devices show very poor transistor behavior in the air due to their high resistivity and the formation of Schottky contacts. The electrical performance of SnO 2 nanowires can be significantly improved by Sb doping. Figure 8 (a) shows typical I ds -V ds curves at different gate-source (Vgs) for a lightly Sb-doped SnO 2 nanowire configured as a field-effect transistor (FET) device. Linear behaviours in I ds -V ds curves are always observed for Sb-doped SnO 2 nanowire devices at low biases, which indicate low-resistance ohmic contacts between the nanowire channel and the Ti/Au electrodes. I ds -V gs curves obtained for the Sb-doped SnO 2 nanowire FET show that the device operates in the depletion mode as a result of the effective n-type doping with a transconductance (g) of 236 nS and an electron mobility of 550 cm 2 V -1 s -1 at V ds = 0.1 V. The on/off ratio and sub-threshold slope for the Sb-doped SnO 2 FET device are 1 10 5 and 0.17 V decade -1 at Vds = 0.1 V, respectively. These excellent electrical properties confirm that the lightly doped SnO 2 nanowires are well-suited for transistor applications [54] [55] . Sb nanowire device, which shows the breakdown at very high current densities. The SnO 2 :Sb nanowire can carry a current of more than 0.5 mA before breaking down. Inset: SEM image of the failed nanowire, which shows that failure occurs in the middle of the nanowire. Scale bar: 1 mm (From Ref. [10] ).
The SnO 2 nanowires can be further doped to show metallic behavior by increasing the Sb:Sn ratio in the source during nanowire growth. The electrical properties of a degenerately (2-4 at%) Sb-doped SnO 2 (SnO 2 :Sb) nanowire are shown in Figure 9 (a) with an estimated resistivity of 5.8 10 -4 cm in the dark. Due to the much higher carrier concentration, the SnO 2 :Sb nanowires show a much smaller response (about 11.0%) to the same UV light compared to that for the undoped nanowires. As reported earlier [56] , the SnO 2 :Sb nanowires can also endure a high current density before failure. The failure current of 0.572 mA in Figure 9 (b) corresponds to a current density of 1.95 10 -7 A/cm 2 . The low resistivity and high failure density in turn make the SnO 2 :Sb nanowires desirable for applications in nanoscale interconnects and electron field emitters. These results show that Sb doping has significant influences on the electrical properties of SnO 2 nanowires. Undoped SnO 2 nanowires are hardly conducting and form Schottky contacts with metal electrodes. The nanowire Schottky devices are suitable in UV photodetector applications. On the other hand, lightly Sb-doped SnO 2 nanowires are wellsuited to high-mobility transistor applications. A further increase in the doping level will result in the degenerately Sb-doped SnO 2 nanowires that show metallic behaviors with resistivity as low as 5.8 10 -4 cm and failure-current density as high as 1.95 10 7 A/cm 2 .
The optical properties of doped semiconducting oxide nanowires
Due to the wide gap of 3.37 eV and the large exciton binding energy of 60 meV, ZnO has been recognized as a promising photonic material in the blue-UV region [61] . ZnO has been widely used for its optoelectronic properties [62] . At the same time, the dopants can also strongly influence optical properties of the nanowires. Kouklin's group studied the optical properties of Cu-doped ZnO Nanowires [63] . The Cu dopants have been found to be both electrically and optically active within the nanowires, and more significantly are also able to act as visible-light photoconduction activators. Energy dispersive spectroscopy (EDS) measurements of the nanowires are shown in Figure. 10 and point to the presence of Zn, O, and Cu (the Si signal arises from the substrate) in the nanowires. The EDS spectrum of nanowires grown by an analogous mechanism but outside the boat is presented in the inset of Figure. 10. These results suggest that the incorporation of Cu is distance sensitive and stronger for samples placed in close proximity to the target (for the conditions used in this work). Owing to the very high temperatures (800 o C) during the growth of the nanowires, doping has likely been achieved by two distinct routes: diffusion through sidewalls and/or direct deposition via solid-liquid interfaces present during VLS growth. A typical PL spectrum is presented in Figure. 11 and is clearly dominated by two peaks centered at 382 nm and 493 nm, referred to as free exciton and blue-green (BG) emission bands, respectively. A low-intensity shoulder peak at 455 nm has also been observed. The two main bands exhibit small red-shifts of 7 nm and 3 nm in their peak positions as compared to undoped samples (data not shown). Additionally, a two orders of magnitude increase in the ratio of BG to excitonic intensities of Cu:ZnO samples has been observed upon Cu doping. The appearance of a BG band and strong quenching of the exciton peak have been previously reported for thin films and nanowires of ZnO containing Cu impurities [64] [65] . Therefore, the observed spectral changes upon doping can be primarily attributed to a drastic increase in the BG PL emission originating from the introduction of Cu centers. PLE spectra have been obtained for Cu:ZnO nanowires at RT by monitoring their emission at 493 nm. The inset of Figure 11 shows the measured PLE data, clearly demonstrating the presence of a well-defined step in the emission intensity corresponding to an excitation wavelength close to 390 nm. The extrapolated intercept on the -axis yields an effective bandgap of 3.17 eV, which is slightly red-shifted (by ca. 50meV) compared to that of pure ZnO nanowires. No light emission has been obtained for excitation energies less than E gap , which is consistent with the previous results for Cu:ZnO materials. The studies presented here suggest the possibilities of engineering low-power nano-photodetectors and optical switches spanning multiple spectral ranges with improved gain characteristics by employing individual Cu-doped ZnO nanowires.
The effects of different doping level on the optical properties of doped ZnO nanowire need to be studied further. For example, the optical properties of S-doped ZnO nanowires were reported by Geng et al [66] . Figure. Fig. 12 (a), 12 (b), 12 (c), and 12 (d) correspond to 60, 90, 100, and 120 min of oxidation time, and the corresponding content (atomic percent) of sulfur is 5.40%, 1.47%, 1.41%, and 0%, respectively (From Ref. [66] ).
The room temperature photoluminescence spectra from ZnO nanowires and S-doped ZnO nanowires under the same experiment conditions are shown in Figure. 13. Two luminescence bands have been observed for ZnO nanowire (curve d). One is an UV emission peak at 380 nm, which corresponds to the near band edge emission. The other luminescence band, a green light emission peak, was observed at 520 nm, which was attributed to the single ionized oxygen vacancy in ZnO. The PL spectra of S-doped ZnO nanowires with a different carrier concentration appear at an obviously blue shifted position. When ZnO is doped with S, the excess carriers supplied by the impurities to the conduction band contribute to increase the electrical conductivities of ZnO. Due to a small density of states of ZnO near the conduction-band minimum, the conduction band edge is filled by excessive carriers provided by the impurities, leading to a blue shift of optical band-to-band transitions, known as the Burstein-Moss effect. It is worth noting that the blue shift increases with increasing carrier concentration, and the changes of PL intensity are observed at the same time. The UV emission peak weakens and the green light emission is enhanced. When S enters the ZnO crystal lattice, it introduces lattice distortion. Since S has a larger Bohr radius than O, it influences the energy structure of ZnO. The band gap broadens for the reasons mentioned above leads to the blue shift of the PL spectra and changes the intensity of near band edge emission. The probabilities of forming a new band structure deformation increases with the carrier concentration, which gives rise to some new defects, such as oxygen vacancies, therefore should result in the changes of the PL intensities of green light emission. Fig. 13 . The PL spectrum on a bulk quantity of nanowires measured at room temperature under 325 nm excitation. Curves (a), (b), (c), and (d) correspond to 60, 90, 100, and 120 min of oxidation time, and the corresponding content (atomic percent) of sulfur is 5.40%, 1.47%, 1.41%, and 0%, respectively (From Ref. [66] ).
Applications of semiconducting oxide nanowires 4.1 Field-effect transistors based on semiconducting oxide nanowires
As one of the most functional components, field-effect transistors (FETs) using semiconducting oxide nanowires as active channels have been extensively investigated in the past few years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . A typical semiconducting oxide nanowire-based FET structure is shown in Fig. 14. In its simplest form, a semiconducting oxide nanowire is transferred onto a gate dielectric/gate electrode/substrate and is contacted with metallic source and drain electrodes. The nanowire and the gate electrode are capacitively coupled such that the application of a bias on the gate electrode induces charges in the nanowire. The voltage applied between the source and drain is referred to as the source-drain voltage, V DS . For a given V DS , the amount of current that flows through the nanowire from source to drain is a strong function of the gate voltage V G . Since most of the oxide nanowires are n-type semiconductor materials, the gate electric field can induce electrons to be mobile in the nanowire channel of the FETs when applying positive voltage to the gate electrode. Thus, the device is "ON". While, a decrease in nanowire channel conductance is experienced when applying negative voltage to the gate electrode. Thus, the device is "OFF". Up to now, various semiconducting oxide nanowires have been studied for the fabrication of FETs, including ZnO [1] [2] [3] [4] [5] [6] , In 2 O 3 [7] [8] [9] , SnO 2 [10] [11] , and so on. In this section, some typical works on the FETs built on semiconducting oxide nanowires are summarized. 
Back-gate FETs
Due to its fabrication simplicities, most of semiconducting oxide nanowire-based FETs are back-gated. The typical device fabrication processes are described as follows. Semiconducting oxide nanowires were synthesized by a variety of methods. Then, nanowires were transferred onto the degeneratively doped Si wafers coated with a layer of gate dielectric [2] . The source/drain electrodes were patterned by optical lithography and the metal contacts were deposited via electron beam evaporation. Figure 15 (a) shows a scanning electron microscope (SEM) image of a typical semiconducting oxide nanowire FETs. According to the cylinder-on-plate capacitance model, the back gate capacitance can be calculated using the relationship:
Here L is the length of the nanowire device channel, 0 is the vacuum dielectric constant, h (nm) is the thickness of the gate dielectric layer, and d (nm) is the lateral size of the nanowire, ε is the relative dielectrics constant. The typical field-effect mobility of back-gate FETs is 10-100 cm 2 /Vs. And these devices shows a reasonable current ON/OFF ratio of 10 3~1 0 6 . Figure.15 (b) shows the output characteristic plot of the device. In general, the I DS versus V DS curves are linear at low bias, suggesting the ohmic contact at nanowire-electrode interface. 
Top-gate FETs
It is impossible to individually control each FET for the back-gated semiconducting oxide nanowire-based FETs, because heavily doped substrates are usually worked as the gate electrodes. Thus, top-gate nanowire FETs were developed. S. J. Pearton et al have reported single top-gate ZnO nanowire FET [3] . Figure 16 shows the SEM image of the top-gate nanowire FETs. The depletion-mode ZnO nanowire FET exhibits excellent pinch-off and saturation characteristics and a strong UV photo-response effect. A threshold voltage of ~-3 V and a maximum transconductance of 0.3 mS/mm were obtained. These devices look promising for the novel nanodevice applications requiring low leakage current. 
Omega-shaped-gate FETs
Although surround-gate nanowire FETs are interesting and promising for novel nanodevice fabrications, there are only limited reports on the surround-gate nanowire FETs, due to the complexity associated with their fabrication processes. Theoretical simulations have predicted that omega-shaped-gate FETs should exhibit high device performances than surround-gate FETs, despite of their relatively simpler fabrication procedures. Thus, omegashaped-gate device architectures were realized in semiconductor oxide nanowire-based FETs by Kihyun Keem et al [5] . Figure 18 shows the Schematic and top view SEM image of omega-shaped-gate FET fabricated by the photolithographic process. About 80% of the surfaces of the nanowires coated with gate dielectric are covered with the metal gate to form omega-shaped-gate FETs. This device showed high performance with a mobility of ~ 30.2cm 2 /Vs, a peak transconductance of 0.4 S, and a high current ON/OFF ratio of 10 7 . The observed improvements of electrical performances are mostly attributed to the omegashaped-gate geometry and the passivation of the surface of the nanowires. 
Low-voltage semiconducting oxide nanowire-based FETs
Semiconducting oxides nanowire-based FETs are good building blocks for the functional nanodevices and are expected to lead to novel electronic and optoelectronic device applications [6] . To apply nanowires to various portable sensors and portable electronic device applications, there are several key challenges must be addressed [1] . In addition to the issues related to the integration of the nanowires into device structures with high yields and well-controlled contacts, development of compatible gate dielectrics with high specific capacitance and high gating efficiency is a significant issue in realizing device with low power consumption for portable applications. Some of the current strategies for increasing the gate specific capacitance have been reported, including using high k materials, reducing dielectric thickness and using solid electrolytes or ion gels as gate dielectrics.
High-k dielectrics gated nanowire-based FETs
The use of high-k gate dielectrics could result in the large capacitive coupling between the gate electrode and channel, therefore reducing the operating voltage of semiconductor oxide nanowire-based FETs. S. T. Lee group have demonstrated the fabrication of low-voltage Zndoped In 2 O 3 nanowire FETs with a SiN x as a high-k dielectric [9] . The SiN x dielectric was deposited by magnetron sputtering. The operating voltage of the FETs was reduced to as low as 2.0 V. The devices showed a high current ON/OFF ratio of ~10 6 , a high ON-state current of 10 -5 A, a small subthreshold swing of 120 mV/decade, and a near zero threshold voltage. Importantly, these devices show high reproducibility and stable performance. The high-performance nanowire-based FETs would enable the potential opportunities in the future multifunctional nanodevice applications.
high temperature processing. It is not suitable for low-power flexible electronic applications. Sanghyun Ju et al have reported that self-assembled organic nanodielectric has been used as the gate dielectric for individual ZnO nanowire FETs fabrications [1] . Figure 19 (a) shows the cross-sectional view of the self-assembled organic nanodielectric gated ZnO nanowire FET device structure. The self-assembled organic nanodielectric films used in their studies consist of layer-by-layer organic monolayers. Such dielectrics exhibit excellent insulating properties with a large specific capacitance of 0.18 F/cm 2 and a low leakage current density of 10 -8 A/cm 2 . Figure 19 
Solid-electrolyte gated nanowire-based FETs
Another simple alternative for achieving low operating voltage is to exploit solid-electrolyte or ion gels as gate dielectrics associated with a large electric-double-layer (EDL) capacitance resulting from the short Debye lengths of a few nanometers. More importantly, these dielectrics gating eliminates hysteresis and provides a simple yet versatile method of studying fundamental electron transport in semiconductor oxide nanowire-based devices. Jia Sun et al have reported the fabrication of microporous SiO 2 solid-electrolyte gated low-voltage SnO 2 nanowire FETs by nickel mask method [11] . The operating voltage is found to be as low as 1.5 V due to the extremely large specific capacitance (~ 2 F/cm 2 ) related to the mobile ion-induced electric-double-layer effect. The field-effect mobility, current on/off ratio and sub-threshold swing are estimated to be 175 cm 2 /Vs, 10 5 , and 116 mV/decade, respectively. We believe that such high-performance low-voltage SnO 2 nanowire transistors hold promise for novel device applications, such as portable ionsensitive sensors.
Transparent semiconducting oxide nanowire-based FETs
Transparent electronics is a technology-in-a-hurry and its aim is to realize invisible electronic circuits in which transparent transistors are the most fundamental functional component. To achieve this objective and satisfy multifunctional applications in our daily life, the ideal transparent electronic devices must achieve high optical transparency and be compatible with diverse low-cost substrates. Traditional poly-silicon and amorphous-silicon devices as well as the circuits are widely used to fabricate the commercial display. However, their lack of transparency limits their utilities in transparent electronics. Transparent oxide nanowires with wide band gap could meet the above-mentioned requirements. Recently, some researchers have reported transparent transistors fabricated with ZnO, SnO 2 and In 2 O 3 nanowires. David B. Janes group has reported the fabrication of fully transparent In 2 O 3 and ZnO nanowire FETs on both glass and flexible plastic substrates [7] . Figure 21 shows the optical and electrical characteristics of fully transparent nanowires FETs. These devices exhibit high-performance n-type transistor characteristics with ~ 82% optical transparency. Fully transparent nanowire FETs are also attractive as pixel-switching and driving transistors in active-matrix organic light-emitting diode displays. The same group has firstly reported the demonstration of active-matrix light-emitting diode displays driven by the nanowire FETs and shows that such displays can be optically transparent. These results indicate that nanowire FETs devices strategies are promising for windshield displays, headmounted displays, transparent screen monitors, mobile phones, and handheld personal computer. Semiconducting oxide nanowires have been used as interesting materials for the fabrication of high-performance transistors with electronic performance comparable to and in some cases exceeding that of single-crystal materials. A new concept of nanowire thin-film transistors has been proposed using oriented nanowire thin films as semiconductor channels. One of the key advantages of the nanowire thin-film transistors approaches compared to conventional thin-film transistor techniques is the clear separation of the device fabrication stage from the material growth stage. Therefore, it is no longer needed to concern with compatibilities with device substrates during growth. Wei Lu et al have fabricated fully transparent nanowire thin-film transistors based on lightly Ta-doped SnO 2 nanowires [10] . The nanowires-based devices exhibit uniform characteristics with average field-effect mobilities exceeding 100 cm 2 /Vs. As shown in Figure 22 , prototype nanowires thin-film transistors devices on glass substrates show excellent optical transparency and transistor performance. They found that fully transparent nanowires thin-film transistors exhibit similar high-mobilities even with low nanowire coverages. At last, Table 2 . The performance parameters summary of different doped and undoped semiconductor oxide nanowire based transparent FETs.
Sensors based on semiconducting oxide nanowires
Solid-state sensors play an important role in medical diagnosis, environmental monitoring, chemical process controlling, personal safety and national security. There is a strong interest in the developments of high-performance sensors with high sensitivities, high selectivities and low detection limits. Semiconducting oxides have been known as good sensing materials due to their low cost and high compatibilities with microelectronic processing. In recent years, semiconducting oxide naowires have been attracted much attention due to their great potential applications. The novel properties of semiconducting oxide nanowires, associated with a large surface-to-volume ratio, finite or quantum size effects and a Debye length comparable to their dimensions, offer the basis for the exploration of new and interesting phenomena. The extremely large surface-to-volume ratio makes their electrical properties more sensitive to species. Superior stabilities of semiconducting oxide nanowires based sensors can be obtained duo to the high crystallinity. Up to now, various sensors have been already reported based on semiconducting oxide nanowires, including gas sensors, biosensors, and so on. Table 3 summarizes some typical sensors based on semiconducting oxide nanowires. These sensors have good response and recover characteristics. As one can see, the most widely studied substances are ZnO, SnO 2 and In 2 O 3 , probably due to their relatively simple synthesis and good sensitivities to species. In this section, we present a comprehensive perspective on research efforts made on these kinds of sensors based on semiconducting oxide nanowires. The fabrication and testing as well as the device performances of these sensors are outlined. Table 3 . Typical sensors based on semiconducting oxide nanowires.
Gas sensors based on semiconducting oxide nanowires
Up to now, semiconducting oxide nanowires based gas sensors are usually fabricated through resistors or FETs. These sensors are based on resistance changes caused by the exposure of the sensor surface to a target species. Chemisorbed gas molecules on a semiconducting oxide nanowires surface withdraw or donate electrons to the conduction channel, giving rise to a conductance, which is the fundamental working principle of these sensors. For the type of sensors based on resistors, the semiconducting oxide nanowire film is contacted with pairs of metal electrodes on a substrate of a ceramic tube. For the type of sensors based on FETs, a single or multiple nanowires bridge source and drain electrode on a substrate covered with gate insulator/gate electrode. The major advantages of these types of sensors are easy fabrication process, low cost and easy integration with heat transducers.
Semiconducting oxide nanowires gas sensors based on resistors
Wan and co-workers have demonstrated the fabrication of ethanol sensors based on ZnO nanowires by microelectromechanial system technologies. ZnO nanowires were ultrasonic dispersed in ethanol for 30 min and dried by an infrared light on a silicon-based membrane embedded with Pt interdigitated electrodes and a heater [12] . Figure 23 (a) shows the topview SEM image of the fabricated sensors. Figure 23 (b) shows the sensing properties of ZnO nanowires upon exposure to 1-200 ppm ethanol in dry air at 300 °C working temperatures. The sensitivities at 200 ppm ethanol exposure is estimated to be 47, and at 1 ppm ethanol exposure to be 1.9. The response and recovery is relatively quick, which is desirable for practical application. Recently, Wan and co-workers proposed an excellent performance of ethanol sensors based on the branched SnO 2 nanowire films [18] . The metallic backbones of Sb-doped SnO 2 nanowires dramatically reduced the resistance and the branched structure offered more pathways for electrical conductions in comparison with pure SnO 2 nanowire films, thus significantly reducing the detectable limits of ethanol to sub-ppm at 300 °C. These results indicate that semiconducting oxide nanowires can be used as the sensing materials for fabricating highly sensitive gas sensors. Ahn and co-workers have fabricated novel ZnO nanowire gas sensors by a simple and efficient fabrication process and the gas-sensing capability is demonstrated for NO 2 gas [14] . Figure 24 (a) and (b) show a schematic illustration and SEM images of the fabricated sensors. The ZnO nanowires were synthesized and bridged the gap between two prepatterned Au catalysts. From the SEM image, we can see that the network-structured ZnO nanowires are floated on the SiO 2 /Si substrate. The device structure proposed is very simple and efficient, because the electrical contacts to the nanowires are self-assembled during the synthesis of them. A good Ohmic behavior was obtained, which is important to the sensing properties because the sensitivities of a gas sensor can be maximized when the metal-semiconductor junction is Ohmic or has a negligible junction resistance. As shown in Figure 24 (c), the sensor displayed the fast responses and recovery behaviors with a maximum sensitivity to NO 2 gas at 225 °C. The response and recovery times are 24 s and 12 s for 0.5 ppm NO 2 gas. 
Semiconducting oxide nanowires gas sensors based on FET devices
The FET device configurations used for sensors can not only facilitate the monitoring of conductance change, but also utilize a transverse electric field to modulate the chemical sensoring behaviors of the nanowires. Fan and co-workers have reported that n-type single ZnO nanowire FETs are implemented as chemical gas sensors for the detection of NO 2 , NH 3 , CO and O 2 [13] . Single-crystalline ZnO nanowires were synthesized via a vapor trapping chemical vapor deposition method. The as-synthesized samples were suspended in alcohol and deposited onto p ++ -Si substrates capped with a SiO 2 insulator. Photolithography or electron beam lithography was used to define source and drain electrode patterns. Figure 25 illustrates an atomic force microscopy image of a ZnO nanowire FET combined with the schematic of the measurement circuit. Zhou and co-workers have firstly demonstrated room-temperature detection of NO 2 down to ppb levels using single and multiple In 2 O 3 nanowires FET. In 2 O 3 nanowires with diameters of ~ 10 nm and lengths of ~ 5 m were synthesized by the laser ablation method [15] . The single or multiple In 2 O 3 nanowires FET followed the traditional micro-fabrication technology. The conductance of In 2 O 3 nanowires is directly related to the carrier concentration which can be altered by the adsorbed NO 2 molecules due to their strong electron withdrawing capabilities, therefore the NO 2 sensing is expected. Single In 2 O 3 nanowire FETs based sensors displayed high NO 2 sensitivity down to 20 ppb level. As shown in Figure 26 , the multi-nanowire sensors showed an even lower detection limit of 5
ppb, as compared to the 20 ppb limit of single nanowire sensors. They attribute this improved sensitivity to the formation of nanowire/nanowire junctions between the metal electrodes. Such junctions, when exposed to NO 2, should form a depleted layer around the intersection and thus block the electron flow in a way more prominent than the surface depletion of single nanowires with metal contacts. These high-performance sensors are promising for a new generation of NO 2 sensors in terms of their low detection limits to ppb levels and great simplicities in the device fabrications. 
Biosensors based on semiconducting oxide nanowires
Recording electrical signals from cells and tissues is a promising direction of investigations in the field of the fundamental biophysical studies and analytical biology. The combination of knowledges in bio-and electrochemistry, solid-state and surface physics, bioengineering, microelectronic technology and data processing offers the possibilities of a new generation of highly specific, sensitive, selective and reliable micro/nano-biochemical sensors and sensor arrays. Semiconductor oxide nanowires have been demonstrated as outstanding sensing-materials for the fabrications of ultra-sensitive nano-sensors due to their large surface-to-volume ratio. ZnO nanowire was tailored both physically and chemically to immobilize the enzyme glucose oxidase for construction of a glucose sensor, which was reported in the Ref. [16] . The sensor reported in this work demonstrated superior performance in sensitivities, dynamic linear range, response time, and detection limit. The high performance of the sensors was ascribed to its high specific surface area and high isoelectric point value for efficient immobilization of high concentration of acidic enzymes and the mediating effect by the redox reaction of ZnO nanowires. FET configuration is the most typical configurations for the sensor applications. The contacts at the two ends of nanowires are usually chosen to be Ohmic contact in order to enhance the surface effect of the nanowires on the measured changes in the conductance. Wang and coworkers have deliberately introduced a nonsymmetric Schottky contact at one end of a ZnO nanowire device for the detection of biomolecules. A home-built microfluidic cell was placed over all biosensor devices to control the liquid environment [17] . For comparison, the Ohmic contact nanowire devices showed little changes in the electrical signals when the positively or negatively charged molecules are introduced at a concentration of 800 g/mL. Figure 27 (a) shows a typical I-V curve of Schottky-contacted device. As shown in Figure 27 (b), a fast response and distinct current variations of Schottky-contacted nanowire biosensors can be observed when the device is exposed to a series of concentrations of negatively charged molecules. The detection limit of negatively charged biomolecules and positively charged biomolecules are as low as 2fg/mL and 20 mg/mL, respectively. They attributed the electrical response to the variation of the Schottky barrier height and barrier width as a result of biomolecule adsorption at the Schottky contact. Such nanosensors are probe-free, and it is not needed to introduce antibody-antigen interaction to enhance its sensitivity. This approach demonstrated here can serve as a guideline for designing more practical chemical and biochemical sensors. 
Field Emission based on semiconducting oxide nanostructures
Field emission is based on the physical phenomenon of quantum tunneling, in which electrons are injected from the surface of materials into vacuum under the influence of an applied electric field. It is of great commercial interest in vacuum microelectronic devices such as field emission displays, x-ray sources, microwave devices, etc. One-dimensional nanosctructures such as nanotubes and nanowires are idea candidates for achieving high field emission current density at a low filed because of their high aspect ratio. In the last decade, field emission cold cathodes based on various oxide nanowires have been widely investigated.
It can be stated that within last few years, tremendous progress has already been made in field-emission applications of oxide nanowires. Here, we give some representative results on field-emission properties of ZnO nanowires reported so far. In 2002, Lee and co-workers reported the vacuum electron field emission properties of the vertically well-aligned ZnO nanowires. [74] Vertically aligned nanowires with a high density were grown on the Si substrate, as shown in Figure 28 (a). A magnified top view of nanowire array reveals that a high-purity nanowire has a sharp tip, as shown in Figure 28 (b). The synthesized ZnO nanowire indicates the average length of 13 μm and the typical diameter of 50 nm, revealing that the average aspect ratio is estimated to be larger than 250. As shown in Figure 29 , the turn-on voltage of the ZnO nanowires was estimated to be about 6.0 V/ m at current density of 0.1 μA/cm 2 . The emission current density reached 1 mA/cm 2 at a bias field of 11.0 V/mm. Therefore, the well-aligned ZnO nanowires grown at such low temperature can promise the application of a glass-sealed flat panel display in a near future. 2003, Yu and co-workers reported that ZnO nanoneedle arrays showed an emission current density of 2.4 mA/cm 2 under the field of 7 V/μm, and a very low turn-on field of 2.4 V/μm [75] . Such a high emission current density was attributed to the high aspect ratio of the ZnO nanoneedles. The high emission current density, high stability, and low turn-on field make the ZnO nanoneedle arrays one of the promising candidates for field-emission displays. In 2003, Wan and co-workers reported the synthesis and field emission properties of tetrapod-like ZnO nanostructures by thermal evaporation method via VS mechanism. [22] The field emission current versus applied electric field are shown in Figure 30 (a) . The turnon field is found to be as low as 1.6 V/μm at the current density of 1 μA/cm 2 . The emission current density reaches 1mA/cm 2 at a bias electrical field of 4.5 V/μm. The Fowler-Nordheim (F-N) plots corresponding to the data are shown in Figure 30 (b) , from which the field enhancement factor β is estimated to be about 6285. ZnO nanostructures synthesized by our method are technologically useful for vacuum electron devices because they can be easily and economically synthesized and deposited on large substrates. Thermal vaporization and condensation was used to grow the ZnO nanowires on carbon cloth from a mixture source of ZnO and graphite powders in a tube furnace by Z. F. Ren and co-workers. [76] In this process, the zinc and zinc sub-oxide vapor were produced by carbothermal reduction and subsequently condensed in the lower temperature zone as the catalyst on which ZnO nanowires were grown. As shown in Figure 31 , ZnO nanowire field emitters grown on carbon cloth show an extremely low operating electric field of 0.7 V/μm at an emission current density of 1 mA/cm 2 . Such low field results from an extremely high field enhancement factor of about 4 0 4 due to a combined effect of the high intrinsic aspect ratio of ZnO nanowires and the woven geometry of carbon cloth. Tin-doped indium oxide (ITO) nanowires are also promising for field emitters because of their inherent properties of very low resistivities, thermally stable, and oxidation resistant. The epitaxial growth and vacuum electron field emission properties of vertically aligned ITO single-crystalline nanowire arrays on ITO/YSZ substrates have been studied by vapor transport method [23] . Figure 32 (a) shows the schematic view of our growth processes for vertically aligned ITO nanowire arrays. First, an ITO (In:Sn=95:5) buffer layer of 200 nm in thickness was deposited on (100) YSZ single-crystalline substrates (1 1 cm 2 ) by pulsed laser deposition at 600 °C in the oxygen ambient of 2 10 −2 Torr. A KrF excimer laser ( =248 nm, pulse duration=20 ns, repetition frequency=5 Hz, and photon energy density=2 J/cm 2 pulse) was used as the laser source. ITO films grown by pulsed laser deposition method were single-crystalline with a cube-on-cube epitaxial relationship with the YSZ substrate. Subsequently, a gold film with the thickness of about 10 nm was deposited on ITO/YSZ substrates by sputtering. At last, vertically aligned ITO nanowires were grown by a vapor transport method based on the vapor-liquid-solid (VLS) growth mode, as shown by the SEM image in figure 32 (b). Field emission measurements were carried out in a vacuum chamber with the cathodeanode distance of 200 μm at room temperature. β is the field enhancement factor, E is the applied field (E=V/d), and Ф is the work function of the emission tip. Vertically aligned ITO nanowires arrays showed an enhanced field emission with a turn-on field of about 2.0 V/μm at a current density of 1 μA/cm 2 . The β of vertically aligned ITO nanowires arrays was estimated to be bout 3850. Two curves in Fig. 35 (a) illustrate the field emission current density as a function of the applied field in semilogarithmic scale for two vertically aligned ITO nanowires arrays samples, respectively. Based on the data in Fig. 33 (a) , a turn-on electrical field of about 2.0 V/μm was obtained for vertically aligned ITO nanowires arrays at a current density of 1μA/cm 2 . Vertically aligned ITO nanowires have a stronger local electric field due to their orientation parallel to the electric-field direction. At the same time, vertically aligned ITO nanowires possess more emitter tips and the tips have better field emission performance than their bodies. Thus, vertically aligned ITO nanowire arrays show better field emission properties than randomly distributed ITO nanowires. The exponential dependence between the emission current density and the applied field indicates that the field emission from both ITO nanowire arrays follows the FN relationship, as shown in the In(J/E 2 )-1/E relationships in Fig.33 (b) . From the slope of the FN curve, we can evaluate the value of ultimately when the work function of the emission tip is known. The field emission current dependence on vacuum pressure of the vertically aligned ITO nanowires arrays has been studied since environmental stabilities are also one of the main requirements for the practical applications. As shown in Figure 34 (a) , a steady emission current density of about 2 mA/cm 2 was measured at the applied field of 6.0 V/μm for the vacuum level higher than 2 10 −4 Pa. As shown in Figure 34 (b), no obvious degradations of current density are found and the current fluctuation is as low as ±5% during 2 hours continuous operation at 1 10 −5 Pa. However, the current fluctuation becomes bigger when the vacuum level is degraded. We found that the current fluctuation was ±28% at 1 10 −1 Pa. The emission current drops slowly in the vacuum range from 5 10 −4 to 10 −1 Pa. The current density at 10 −1 Pa is about one-third of the current density at 10 −5 Pa. A field emission recovery was observed when ITO nanowires arrays were operated under the initial pressure of 10 −5 Pa. Fig. 34. (a) The dependence of emission current density of vertically aligned ITO nanowire arrays with the vacuum pressure in the range from 10 −5 to 10 −1 Pa. The inset shows the spatial distribution of emission of ITO nanowires at the 10 −5 Pa. (b) Field emission current stability of ITO nanowire arrays at 10 −5 and 10 −1 Pa, respectively (From Ref. [23] ).
These results indicate that vertically aligned ITO nanowires show relatively high environmental stabilities. Moreover, vertically aligned ITO nanowire arrays showed an enhanced field emission with a turn-on field of about 2.0 V/μm at a current density of 1 μA/cm 2 . These results demonstrate that vertically aligned ITO nanowires arrays are very promising for vacuum electron field emission applications.
Summary
Semiconducting oxide nanowires, whose lateral dimensions fall anywhere in the range of 1 to 100 nm are not only interesting for fundamental research due to their unique structural and physical properties relative to their bulk counterparts, but also offer fascinating potential for future technological applications. Deeper understanding the growth, doping and applications of the oxide nanowires are central to the current research interest. This chapter has provided a comprehensive review of current research activities that concentrate on semiconducting oxide nanowires. We first gave an introduction to the synthesis and doping of semiconducting oxide nanowires. The influence of doping to the electrical and optical properties of the oxide nanowires was also described. Most attention was then devoted to the transistors, sensors and vacuum electron field emitters applications of oxide nanowires.
